This study examines the role of phosphate metabolites in the regulation of mitochondrial oxygen consumption of the heart in vivo as a function of development. We used an open chest lamb/sheep preparation in which myocardial oxygen consumption (MVO2) was monitored via an extracorporeal shunt from the coronary sinus. Phosphate metabolites were monitored simultaneously using 31P nuclear magnetic resonance with a surface coil overlying the left ventricle. Graded infusions of epinephrine were used to increase MVo2 in both neonatal lambs (age 5-12 d, n = 8), and mature sheep (26-86 d, n = 6).
Introduction
Myocardial energy metabolism has been shown to change immediately after birth (1) (2) (3) . Increases in resting myocardial oxygen consumption (MVo2)' occur during the transition from an intrauterine environment low in oxygen tension to the postpartum normoxic condition (4, 5) . After this transition, there is a subsequent decrease in resting cardiac work and MVO2 as metabolic demands change from the newborn to adult state (4, 5) . However, little information is available on changes in the regulation of mitochondrial respiration in vivo, which may occur as a function of development.
Several mechanisms have been considered to regulate myocardial respiration under normal conditions. Studies from isolated mitochondria have long promulgated the theory that the ATP hydrolysis products, ADP and Pi, play the prominent role in regulating oxidative phosphorylation (6, 7) . More recent studies performed on perfused and in vivo hearts have indicated that these metabolites are not as important as previously believed (8-1 1) . Perfused heart studies have suggested that the mitochondrial NADH redox state or the mitochondrial membrane potential may be important factors (8, 11) . Still other investigators have suggested that myocardial oxygen supply could be a primary determinant of the respiratory rate (12, 13) .
Most investigations of mitochondrial respiratory control in fetal and neonatal heart have concentrated on the study of isolated mitochondria (2, (14) (15) (16) (17) . These studies have all found that the efficiency of the mitochondria or the ADP phosphorylated per oxygen consumed is the same throughout development (2, 14, 16) . However, a great deal of controversy exists with regard to the maximum ATP production rate of the individual mitochondrion (2, 14) . In the most complete study to date, Wells et al. (14) showed that the maximum rate of ATP production per unit of cytochrome a, a3 activity was not different through development. Differences noted between the fetus, neonate, and adult in some studies could be attributable to the amount of protein extracted during mitochondrial isolation and to the higher activity of cytochrome oxidase per gram wet weight in fetal hearts (15) (16) (17) . Wells et al. also noted that the neonatal mitochondria had a lower resting ATP turnover rate per cytochrome a, a3, resulting in a higher respiratory control ratio. However, this phenomenon, as pointed out by numerous investigators (18) , is not a reliable measure of mitochondrial respiratory control in vivo.
The purpose of the present study was to investigate, in vivo, the relation between phosphate metabolite content and myocardial work and oxygen consumption in newborns and adults of the same species. To perform this experiment we have a developed a model using sheep, in which phosphate metabolites and myocardial oxygen consumption are simultaneously monitored (19) .
Methods
Animal preparation. Mixed breed Western lambs from two separate age groups were used for this study. Neonatal Initial sedation was performed by intramuscular injection of 10 mg/kg ketamine and 0.2-0.4 mg/kg xylazine. The animals were then intubated and ventilated (with a D-900 pediatric ventilator; SiemensAllis, Inc., Cherry Hill, NJ) with an anesthesia mixture of 0.5-1.0% halothane and -99.0% oxygen. Femoral artery cannulation was performed for monitoring of systemic arterial blood pressure and blood sampling. Arterial blood pH was maintained between 7.35 and 7.45 by adjustment ofthe ventilatory tidal volume and correction of metabolic acidosis with intravenous sodium bicarbonate. Arterial P02 was maintained in excess of 100 mmHg, whereas arterial Pco2 was kept between 35 and 45 mmHg. After stabilization of blood pressure and blood gas parameters, either a left thoracotomy or median sternotomy was performed. The pericardium overlying the left ventricle was exposed and its fat pad was removed.
Coronary sinus blood flow was measured via an extracorporeal shunt between the coronary sinus and the superior vena cava as previously described ( 19 An ellipsoid-shaped nuclear magnetic resonance (NMR) surface coil (3.5 X 2 cm) that conformed to the general shape ofthe lamb heart was then sutured to the pericardium overlying the left ventricle as near to the apex as possible. This type of coil attachment allowed unrestricted cardiac motion, while keeping the coil in reproducible proximity ofthe heart (1 1, 20). The thoracotomy opening was then sealed with plastic wrap to prevent water loss. Normal saline and dextrose solution was infused to maintain fluid homeostasis.
The lamb was wrapped in a water-circulating heating pad and a thermal insulating blanket (Boy Scouts of America, Bethesda, MD) to maintain core body temperature at -380C. The animal was then placed in a specially designed lucite cradle that allowed the centering of the heart in the x and y planes before placement into the magnet bore.
NMR measurements. Just before transfer of the lamb into the 26-cm clear-bore magnet (Oxford Instruments, Oxford, England), the NMR surface coil was tuned to 81 MHz and matched to 50 Q for detection of 31P at 4.7 T. Centering along the z axis was performed using the imaging gradients by monitoring the 'H signal in a gradientrecalled echo sequence. Ventilation was maintained in the magnet via 12 feet ofTygon tubing attached to the inspiratory and expiratory ports of the respirator. Blood pressure was monitored using a solid state nonmagnetic pressure transducer (Cobe Lab. Inc., Lakewood, CO), positioned just outside the magnet bore.
NMR data were collected with a General Electric (Fremont, CA) CSI spectrometer. Shimming on the 'H free induction decay (at 200 MHz) and acquisition of 31p NMR spectra (at 81 MHz) were performed as described by Katz et al. (20) . Respiratory gating for data acquisition for all experiments was performed by using the begin inspiratory reference pulse from the ventilator (D-900) to trigger the spectrometer. The respiratory rate in these studies was 30 breaths/min, which corresponded to an interpulse delay of 2 s. The radio frequency excitation pulse width to obtain the maximum PCr 31p NMR signal from the heart was determined before each experiment and varied with lamb size from 20 to 35 gs (with a 100-W power amplifier).
Spin lattice relaxation measurements. Before determination of spin-lattice relaxation times (T,), animals were paced to a precise harmonic of the respiratory rate to improve the magnetic field shimming around the heart (20) . Pacing was accomplished using bipolar atrial leads that were implanted before transfer of the animal into the magnet. Lambs underwent T, measurements of the heart, either after completion of the epinephrine protocol with satisfactory recovery (n = 3), or initially without undergoing any other protocol (n = 2). T, relaxation times were determined according to a previously described burst saturation technique (20) Epinephrine infusion protocol. To stimulate myocardial oxygen consumption, epinephrine was infused via central venous line in increasing dosage steps. The protocol began with a 10-min baseline period, during which 31p NMR data, systemic blood pressure, heart rate, and coronary blood flow were simultaneously recorded. After completion ofthe baseline period, epinephrine was infused for 0-min periods at doses of 1, 2, 3, and 4 ,g/kg per min in neonatal lambs and 1, 2, 4, and 8 ug/kg per min in mature lambs. Hemodynamic parameters, including coronary blood flow, were noted to stabilize at -2-4 min after beginning each epinephrine dose. Coronary sinus and arterial blood samples were therefore obtained simultaneously for determination of 02 (Lex-02-CON) content at 6-7 min into each period. Myocardial oxygen consumption was calculated using the product of coronary blood flow times 02 extracted.
31p NMR data were collected in 2-min blocks of 60 averaged acquisitions. The interpulse delay as determined by the respiratory cycle was -2 s. The last four blocks or 8 min of each protocol period were averaged and analyzed as discussed in the Data Analysis section.
In our initial experiments, we found that sheep were unable to maintain an adequate blood pressure if the epinephrine infusion was terminated after completion of the protocol. This was presumably due to postcatecholamine depression, which has been well documented in lambs (21) , and the predominance of beta receptor-mediated peripheral vasodilatation with decreasing epinephrine doses (22) . To achieve a recovery phase the epinephrine dose was slowly reduced until the animal's hemodynamic parameters returned to near baseline levels. Titration of the epinephrine dose usually took 15-20 min. Hemodynamic data and 10 min of NMR spectra were collected at the end of a 40-min period after completion of the initial protocol.
Analysis ofATP and total creatine. Measurement ofATP and total creatine concentrations was necessary for calculation of free cytosolic ADP concentrations. Left ventricular extracts for analysis of these metabolites were prepared using standard freeze clamping techniques as previously described (23) . After thoracotomy, portions of the left ventricle were obtained from a beating heart either through direct freeze clamping of the apex with Wallenberg tongs (Instrument Shops, National Institutes of Health, Bethesda, MD), which had been immersed in liquid nitrogen, or via a drill biotome and immediately followed by freeze clamping. Samples were then rapidly immersed and pulverized under liquid nitrogen. They were then weighed and extracted with known quantities of0.4 M perchloric acid and neutralized with a phosphate-buffered KOH solution. Several hearts were rapidly excised and frozen in 100% ethanol chilled with dry ice. Samples from these hearts were extracted as above for analysis of total creatine only. The paired-ion reverse-phase HPLC methods of Juengling and Kammermeier (23) Collection and averaging of 31p NMR spectra were performed as described above. Resulting spectra were analyzed using the GEMCAP Lorentzian line-fitting program, which is a routine resident in the GEMCSI software. All NMR data were normalized to the beta phosphate ATP resonance in the control spectrum. Additionally, all peak areas were corrected for differential saturation determined from the Ts of individual spins, taking into account the inhomogeneity of the surface coil (24) . Data from the burst saturation recovery experiments were used to generate exponential curves using a three-parameter fit routine resident in the GEMCSI program for calculation of the Tis.
Values for TI±SEM were: beta-ATP, 1.5±0.1 s; PCr, 4.1±0.2 s, and the 2,3 DPG-Pi resonance, 2.5±0.3 s.
The low concentration of ADP in heart tissues prevents direct determination by either NMR or extraction techniques. ADP concentrations are estimated using the creatine kinase equilibrium reaction (25) : [PCr] [He].
Use ofthis approach requires knowledge ofthe tissue creatine (Cr), phosphocreatine (PCr), and free magnesium concentrations, as well as the pH and the equilibrium constant (Km) of the reaction (26) . The control ATP and total creatine concentrations were determined from the freeze-extraction data. Free intracellular magnesium levels (27) and pH (20) An additional observation is the prominence of the phosphomonoester peaks in the newborn (Fig. 1 ). This has also been noted during developmental comparisons of newborn and adult brains from rodents (29) and canines (30) . Freeze clamp extraction data corrected for cell water content of 80% resulted in total creatine of 20.4±0.75 mM/liter cell water (n = 6), and ATP concentration of 8.57±0.50 mM/ liter cell water (n = 3). Table II presents hemodynamic and NMR data from two newborn animals who were monitored for a 1-h period without undergoing epinephrine infusion. These experiments were performed as supplemental time controls to evaluate the stability of the phosphate metabolites in this preparation. Of importance is that there are no changes in the PCr/ATP ratio > 3%, which is within the error of the method.
Effects of epinephrine infusion in the newborn. Data obtained from the epinephrine infusion protocols are summarized in Table III for the newborn lamb group. Average maximum MVW2 was 220±38% over baseline. There were no significant changes in myocardial oxygen extraction. The 31P NMR spectra from a representative experiment in a newborn are shown in Fig. 3, A Analysis of change in intracellular Pi with increases in cardiac work was complicated by the contribution of 2,3 DPG to the newborn heart spectrum. Calculated changes in Pi are examined in the Discussion.
Effect of epinephrine infusion in mature sheep. Table IV summarizes data obtained with epinephrine infusion in six mature animals. The 31P NMR spectra from a representative experiment in a mature sheep are shown in Fig. 5 . The mean maximum increase in MVo2 (350% of baseline ±66) was greater than that obtained in the newborns but the difference did not reach statistical significance by the unpaired t test (P = 0.07). There was also no significant change in oxygen extraction in this group.
Even though there were large changes in MVO2 in the mature group of sheep with epinephrine, paired t test analysis showed that there was no significant change in PCr/ATP, or ADP at the maximum MVo2 reached. These data are illustrated in Fig. 6 with similar format as Fig. 4 (Fig. 2) . The detected 2,3 DPG is from the blood perfusing the myocardium and present in the ventricular chamber (20) . This is not a problem in older lambs because 2,3 DPG levels drop to near undetectable levels after the second week of life (31) . Evaluation of difference spectra from the newborn epinephrine protocol shows increases in only one peak near the chemical shift (4.9-5.0 ppm) of intracellular Pi (Fig. 3) with increases in MVo2. This is consistent with an increase in intracellular Pi, as changes in 2,3 DPG would result in two peaks, at Oxygen Consumption (mol/g/min' Pi concentrations requires the assumption that levels approximate those in mature animals i.e., cell water, since no baseline concentrations of Pi Using this approach, the changes in Pi during thl in the lambs were calculated using the Pi peak difference spectra normalized to the control AT interesting to note that the magnitude of Pi inci the area of PCr decrease (APi/APCr = 0.94±0.14) as has been described in skeletal muscle studies (32) . The relationship of changes in Pi with increases in MVW2 is shown in Fig. 4 C. There is a significant increase in Pi (P < 0.001) as MV02 increases. Comparison of the slope from this graph with that in Fig. 6 C shows that with increasing MV02, Pi changes much more in newborns than in mature animals. The mean maximal increase in Pi was 200±32%. If baseline values were underestimated, then the degree of change would be exaggerated. However, analysis of the total area of the combined 2,3 DPG -j----------, and Pi peak shows that at most this would be an underestimate
of40-50% ifthe DPG contribution were considered negligible. intracellular pH despite changes in PCr/ATP and Pi provides some evidence against local ischemia as a cause of these changes. Studies of transmural myocardial blood flow distribution in lambs stressed by catecholamine infusion have not been performed. However, the distribution of blood flow within the left ventricle has been shown to be similar in resting, unanesthetized newborns and mature sheep (33) . Also, it has been demonstrated that, the neonatal lamb can maintain the ratio of subepicardial to subendocardial blood flow with increases in MVO2 during hypoxic stress (34) . It is thus unlikely that changes in PCr are due to relative ischemia in portions of the myocardium. The significance of the creatine kinase (CK) reaction and the existence of the creatine-creatine phosphate shuttle have long been subjects of debate. Bessman (35) and Jacobus (36) have recently reviewed this subject. There are changes in the concentration and profile of the creatine kinase isozymes with maturation, which may affect mechanisms of mitochondrial regulation. Ingwall et al. have shown that in the few weeks before birth, there is a substantial increase in the concentration of MM-CK and mitochondrial-CK and in the relative proportion of mitochondrial-CK (3) . These changes are accompanied by substantial increases in the total creatine pool. After birth, there is a continued increase in total CK, whereas the relative concentrations and the creatine pool hold constant. Creatine kinase has been proposed to facilitate the diffusion of ADP from the myofibrils and ATP from the mitochondria (37) . Conversion of ADP to creatine theoretically creates an alternative pathway for diffusion (37) . Lower creatine kinase concentrations such as those that occur in the fetus and neonate might limit access to this second pathway, thereby slowing the rate of ADP delivery to the mitochondria. This may result in an increase in cytosolic ADP with increases in work due to hampered diffusion through the neonatal cytoplasm.
Several studies in perfused hearts have focused on the importance of the mitochondrial NADH redox state as a regulator of myocardial respiration (8, 38) . Using glucose as a substrate, increases in the NADH redox state accompanied increases in oxygen consumption, whereas there was no simultaneous change in ADP or Pi (8) . However, this effect is substrate dependent (8, 9, 38) . The importance of the ATP hydrolysis products has been shown to increase with the use of pyruvate as substrate and with the blocking of pyruvate dehydrogenase (38) . Therefore, alterations in intermediary substrate metabolism and the NADH redox state may be responsible for differences in regulation between the newborn and the mature sheep.
Developmental differences of substrate metabolism have been shown to exist in several species, including sheep (4, 5, 15, 39, 40) . The primary myocardial energy substrates during fetal and early postnatal life appear to be carbohydrate and/or lactate (4, 5) . Although it is species dependent, fatty acid oxidation by fetal and newborn mitochondria has been shown to be limited by deficits or immaturities in carnitine and acylcarnitine transferases (15, 39, 40) . Additionally, in fetal sheep, plasma FFA concentration is low, possibly limited by placental permeability (41) . Concurrent with postnatal increase in circulating FFA, there is a decrease in myocardial uptake of lactate (4, 5, 41) . Therefore, the newborn lambs used in this study would be in the state of transition from a carbohydrate based metabolism to one based on FFA. The differences in intermediary metabolism between the neonate and the adult may be responsible for the observed changes in the relation of phosphate metabolites with work transitions.
The relationship between the ATP hydrolysis products and MVW2 has been extensively investigated in the adult canine myocardium (10, 30a) . In those studies, no changes in ADP or Pi occurred with moderate (-3-fold) increases in MVo2 induced by pacing or either epinephrine or phenylephrine infusion. Further analysis showed that a simple Michaelis-Menton model ofrespiration involving ADP and Pi was inadequate to explain those results. The data and conclusions from those studies are consistent with the data from adult sheep in this study. The lack of correlation between ADP and Pi levels with MV02 is not species specific and may represent a fundamental property of adult myocardium. However, large changes in ADP and Pi are associated with increases in MVo2 in the newborn. This response is similar to that found in skeletal muscle (32, 42) . The magnitude of the change approaches that predicted from the Michaelis-Menton model. This suggests that ADP and Pi may play a more prominent role in regulation of respiration in the newborn heart than the adult. In contrast, a mechanism of respiratory regulation seems to be operational in the adult myocardium, which is either not present or relatively unimportant in the newborn.
In summary, this study demonstrates that there are significant differences in the response of myocardial phosphate metabolites to increases in work and MVo2 between newborns and adults of the same species. These data suggest that the mechanism of MV02 regulation by work changes during postnatal development. These changes in this basic property of the heart may require special considerations in the treatment and maintenance of the developing heart.
